In all sensory systems, there is evidence that feed-forward connections are accompanied by complementary feedback connections, projecting to structures at relatively peripheral positions in sensory pathways (Churchland and Sejnowski 1988; Lamme et al. 1998) . The roles of cortical feedback loops in sensory processing are of interest to the neuroscience community and have been extensively studied with respect to visual processing and attention (see, e.g., Vidyasagar and Urbas 1982; Funke and Eysel 1992; McClurkin et al. 1994; Hillenbrand and van Hemmen 2001; Eyding et al. 2003) .
Olfactory processing in rats is a particularly good model for the study of the interdependence of sensory perception with learning and memory processes mediated via centrifugal feedback connections. Uniquely among vertebrate sensory modalities, cortical neural structures expressing olfactory experienceand memory-associated physiological changes (e.g., the olfactory bulb and secondary olfactory cortices) are physiologically "close" to primary sensory receptor neurons. In particular, mitral/tufted (M/T) neurons, the output neurons of the olfactory bulb (OB), are only one synapse removed from the primary olfactory sensory epithelium. While activity in the OB is closely tied to physical stimulus features, abundant physiological (Gray et al. 1986; Gray and Skinner 1987; Wilson and Leon 1988; Kay and Laurent 1999; Buonviso and Chaput 2000; Wilson 2000; Wilson et al. 2004) , neurochemical (Brennan and Keverne 1997; Brennan et al. 1998) , and activity-dependent histological Montag-Sallaz and Buonviso 2002; Salcedo et al. 2005 ) data indicate that neural activity in the OB is also strongly modulated by experience.
The fact that activity in the OB is modulated by experience suggests an important role for centrifugal projections in the processing of olfactory stimuli. These centrifugal projections include, but are not limited to, projections from pyramidal cells in secondary olfactory cortical, frontal cortex, and hippocampal structures (deOlmos et al. 1978; Davis and Macrides 1981; Luskin and Price 1983) . The OB also receives modulatory inputs from the locus coeruleus (noradrenergic), the horizontal limb of the diagonal band of Broca (HDB, cholinergic), and the raphe nucleus (serotonergic) (for reviews, see Halasz 1990; Shipley 1995; Cleland and Linster 2003) . While some data demonstrate effects of noradrenergic, serotonergic, and cholinergic modulation on olfactory learning in rodents (see, e.g., McLean et al. 1993; Ravel et al. 1994; Wilson et al. 1994; Ciombor et al. 1999; De Rosa and Hasselmo 2000; Wirth et al. 2000; De Rosa et al. 2001; Linster et al. 2001a; Bouret and Sara 2002; Fletcher and Wilson 2002; Wilson et al. 2004 ) and some of the local physiological effects of these neuromodulators have been analyzed in vitro and in vivo (McLean et al. 1993; Ciombor et al. 1999; Czesnik et al. 2001; Hayar et al. 2001; Bouret and Sara 2002; Yuan et al. 2003 , for review, see Linster and Hasselmo 2001) , little is known about the roles of cortical and hippocampal feedback projections to the OB for olfactory processing. Studies in rabbits and in rats have suggested that the bulbo-cortical loop is crucial for maintaining the oscillatory dynamics of the OB (Gray and Skinner 1988; Neville and Haberly 2003; Martin et al. 2006 ) and these hypotheses have been further investigated in modeling studies (Freeman 1987; Linster and Hasselmo 1997; Hoshino 1998) .
The olfactory bulb (OB) is separated from the rest of the brain by the olfactory peduncle; this relative isolation allows for the manipulation of the feedback projections to the OB with little corresponding damage to the source of the projections. Centrifugal feedback inputs project to the OB mainly through the anterior olfactory nucleus (AON) and the anterior commissure (AC), with a small percentage passing through the lateral olfactory tract (LOT) (Heimer 1968; Price and Powell 1970; Price and Sprich 1975; Broadwell and Jacobowitz 1976; Davis et al. 1978; Macrides et al. 1981; Davis and Macrides 1981; Gray and Skinner 1988) .
Because we hypothesize that centrifugal inputs may be differentially involved in shaping odor representations in the OB and/or in the formation of odor-reward associations, we tested spontaneous and learned odor discrimination as well as odorreward association formation. Spontaneous odor discrimination can be assessed using a behavioral habituation paradigm that allows the testing of odor discrimination without the formation of an association between odorant and reward (Guan et al. 1993; Paolini and McKenzie 1993; Winslow and Camacho 1995; Petrulis et al. 1998; Deiss et al. 1999; Cleland et al. 2002) . Perceptual similarities measured by this task are closely correlated with primary odor representations in the OB; as a consequence, modulations of odor representations in the olfactory bulb due to an experimental manipulation can be detected with this behavioral task (Linster et al. 2001b Cleland et al. 2002) . Changes in odor perception due to odor-reward associations were assessed by using a task in which a single odorant is associated repeatedly with a food reward and the strength of the formed association is then tested. This task has previously been shown to be suscep-tible to manipulations of the cholinergic projections to the OB and PC (Linster et al. 2001a) . Learned odor discrimination was tested using a forced choice discrimination task in which two odors are presented simultaneously, one of which is consistently associated with a reward (Linster et al. 2001a; Wiltrout et al. 2003) .
Eighteen male Sprague-Dawley rats, 3 mo old at the time of purchase, were obtained from Charles River Laboratories and maintained on a 12-h light/12-h dark cycle in an environmentally controlled room, with water continuously available. During testing periods, rats were slightly food deprived to keep their body weight around 85% of their ad lib weight. All rats were first handled for 1 wk, and then shaped for the behavioral testing for 2 wk. During shaping, rats were trained to dig for a sweet reward in a dish filled with scented bedding. Bay oil, diluted to 10%, was used during shaping. Electrical lesions of the AC were performed by inserting lesion electrodes at stereotaxic coordinates AP 5.2, ML ‫4.1ע‬ and DV 6.4 relative to Bregma and injecting 5 mA DC current for 10 sec. Acute experiments by others (Pager 1978; Cattarelli 1982; Gray and Skinner 1988) and ourselves (data not shown) have shown that lesions in this area lead to a decrease in signals arriving in the olfactory bulb from central structures while sparing output signals from the olfactory bulb to their central projections. Sham surgeries were conducted in a similar manner but no current was injected in sham operated rats. Rats were allowed to recover for 10 d before behavioral testing.
In the first experiment, the role of centrifugal inputs to the OB on odor representations in the OB was assessed. An olfactory habituation task assesses the degree to which rats spontaneously discriminate odorants by habituating them to an odorant (O hab ) and measuring their investigation response to a second odorant (O sim, O diss ). Because no reward is associated with either odorant in this task, and each test odor is presented only once, the task likely measures basic similarities between odor representations, unaltered by reinforcement (Linster et al. 2001b . Briefly, rats were first presented with the carrier (mineral oil) during a single 50-sec trial, then with a habituation odor during four consecutive 50-sec trials separated by 5-min intertrial intervals, and finally with two test odors, one chemically very similar to the habituation odor and one chemically dissimilar to the habituation odor (Fig. 1A,B and Table 1) .
ANOVA testing on investigation times with the experimental group (sham or lesion) and trial identity as the main effect showed no significant effect of the experimental group (F (1,204) = 1.190; P > 0.2), but a significant effect of trial identity (F (5,204) = 22.216; P < 0.001). Post hoc tests (HSD) show that both experimental groups habituated to the habituation odor (significant difference between the first and last habituation trials, P < 0.001 in both groups). A significant difference between the responses to the last habituation trial and both test odors showed that all rats were capable of discriminating between the habituation and the test odors (P < 0.001 in both groups).
These results, shown in Figure 1C , strongly suggest that lesions of the centrifugal inputs to the OB do not affect the representation of odorants in the OB to a degree that would be observed as changes in spontaneous discrimination between chemically similar odorants. Both experimental groups habituated to the odorants in a similar manner, indicating that the process of habituation does not depend on centrifugal inputs.
In the second experiment, we tested the role of centrifugal inputs to the OB for modulation of odor processing by odor reward associations. Rats were presented with a reward associated to an odorant for eight consecutive trials. The strength and precision of the odor-reward association was then tested in three unrewarded test trials, during which the time rats spent looking for the reward in the conditioned odor and two test odors (one chemically similar, one dissimilar, Fig. 2A ,B and Table 1 ) was recorded. This task, described in detail elsewhere, assesses the degree to which rats associate a reward with an odorant after several training trials as well as to what degree this association is odor specific (Linster and Hasselmo 1999; Cleland et al. 2002; Cleland and Narla 2003) .
ANOVA testing on the time spent digging during unrewarded test trials with main effects of the group (sham or lesion) and test odor (conditioned odor, similar test odor, dissimilar test odor) revealed a main effect of the group (F (1,85) = 13.43; P < 0.001) and test odor (F (2,85) = 9.359; P < 0.001). Further post hoc testing showed that a significant difference between the sham operated Odors were presented by placing 60 µL of the odor stimulus (1 Pa) onto a filter paper (Whatman #1). The filter paper was put into a weighing dish, which was put on top of the wire cage cover. (B) Test sessions. A test session consisted of one 50-sec presentation of plain mineral oil then four 50-sec odor presentations of the O hab at 5-min intervals, followed by one 50-sec presentation of each test odor in randomized order (O sim, O diss ). The amount of time that the rat investigated the odorant was manually recorded during all trials. Investigation was defined as active sniffing within 1 cm of the odor. (C) Results. The graph shows the average (‫ע‬SEM) investigation times recorded for sham operated and lesioned rats during the habituation trials (MO, mineral oil; O hab , habituation odor) and test trials (O sim , similar odor; O diss , dissimilar odor). For both experimental groups, investigation times decline with increasing trial number, and both groups discriminate the two test odors from the habituation odorant. No significant difference between the two groups was observed in this experiment. and lesioned rats was observed only in response to the conditioned (P < 0.05) but not to the two test odors (P > 0.1 on both cases), indicating that the odor-reward association formed by the lesioned rats was weaker. This result is supported by the fact that while sham operated rats responded significantly more to the conditioned odor than to the dissimilar test odor (P < 0.02), no significant difference between these two responses was observed in the lesioned rats, indicating that their response to odorants was not influenced by the prior odor-reward association training.
In the third experiment, we tested the role of centrifugal inputs to the OB on the acquisition of an odor discrimination by training rats to discriminate between a rewarded and a chemically very similar unrewarded odor. Rats were trained on two odor discriminations (Fig. 3A and Table 2 ) for 20 trials each, using methods described in detail before (Linster and Hasselmo, 1999; Cleland et al. 2002; Linster et al. 2002) .
ANOVA testing on the percentage of correct choices made by each rat during the 20 training trials with odor pair and experimental group as main effects showed no effect of odor (F (1,32) = 0.86; P > 0.5), indicating that both odor pairs presented the same degree of difficulty to the animals. However, a significant effect of experimental group was observed (F (1,32) = 50.079; P < 0.001), showing that lesioned rats were significantly impaired in the acquisition of the forced choice odor discrimination.
The results from this experiment (Fig. 3B) show that centrifugal inputs to the MOB play a role in the acquisition of a forced choice odor discrimination task. In the light of the results from Experiments 1 and 2, the results from this experiment further suggest an impairment in odor-reward association leading to a slower acquisition of the discrimination task.
After the behavioral testing, all lesion sites were verified histologically. Rats were perfused and brains were preserved in a formaldehyde-sucrose solution. Areas around the lesions were sliced using the Cryostat and mounted on slides. Slides were stained using a Neutral Red stain and observed under the microscope for significant damage to the AC. Lesions in all 11 animals were placed in the AC at the level of the olfactory peduncle (Fig.  3C,D) and covered a substantial area of the AC (Fig. 3E) ; all animals were included in the analysis. Electrophysiological evidence (Neville and Haberly 2003; Martin et al. 2004 Martin et al. , 2006 pers. experience) show that AC lesions impair centrifugal inputs to the olfactory bulb while sparing outputs from the olfactory bulb; however, it must be noted that lesions in the AC certainly do not destroy all centrifugal bulbar inputs. In particular, while projections from most subdivisions of the anterior olfactory nucleus travel through the AC, pars medalis does not . Similarly, a very small component of projections from piriform cortex travels deep in the deep portion of the LOT and reaches the OB without entering the AC first , and some cholinergic and GABAergic fibers from the horizontal limb of the diagonal band or Brocca have been shown to reach the OB without traveling through the AC Macrides et al. 1981) . Similarly to GABAergic and cholinergic inputs, not all noradrenergic inputs from the locus coerulus seem to enter the OB via the pathway lesioned here, the AC (Philpot et al. 1994; McLean and Shipley 1987) . A significant contingent of serotonergic fibers from the raphe nuclei also enters the OB via pathways other than the AC, i.e., via the olfactory nerve layer (McLean and Shipley 1991) .
The experiments presented here tested how feedback projections to the OB are involved in odor representations in the OB and in olfactory reward associations. While we did not find any changes in animals' habituation to repeated presentations of the same odorant or their spontaneous discrimination between odorants (Experiment 1), we found that lesioned animals were significantly impaired in their ability to form odor-reward associations (Experiments 2 and 3). Previous experiments in rabbits and in rats have shown that the dynamics of the olfactory bulb change when the centrifugal inputs to the olfactory bulb are impaired (Gray and Skinner 1988; Neville and Haberly 2003; Martin et al. 2006) . Specifically, in behaving rats, oscillations in the beta range , which are present in the olfactory bulb during and after but not before the acquisition of an odor-reward association, are almost completely suppressed when the corticobulbar and neuromodulatory feedbacks are transiently suppressed via local injections of lidocaine in the AC at the level of the olfactory peduncle (Martin et al. 2006 ). The authors concluded that during the task acquisition phase, a coherent network activity between the olfactory bulb and cortex emerged that was dependent on the intact feedback interactions between the two structures. Because this activity emerged only after successful odor-reward association learning, one can assume that the interruption of the feedback interactions in lesioned rats would lead to the decrement in odor-reward association observed here because a coherent network activity could not be constructed.
Cortical feedback pathways have been suggested to play a Figure 2 . Experiment 2-Odor-reward association learning. (A) Experimental setup. Behavioral training took place in a transparent Plexiglas chamber (51 ‫ן‬ 38 ‫ן‬ 25 cm) divided into two subchambers by a sliding, opaque Plexiglas board. Ceramic dishes, each ∼5 cm in diameter and 3 cm high, were used for the placement of the odorants and the reward. A separate dish was prepared for each odorant. One of the dishes contained a buried frootloop and bedding (80 mL) to which 60 uL of diluted odorant had been added. The second dish contained only bedding with no reward and no odor added. (B) Testing. During behavioral testing, rats were presented with the two dishes during eight consecutive 2-min training trials and were allowed to dig for the reward in both dishes. The position of the dishes was randomized so that location could not be used as a cue to find the reward. After eight rewarded trials, rats' responses were tested in three unrewarded trials presented in random order (conditioned and two test odors). During these unrewarded trials, the time each rat spent digging for the reward was recorded manually. (C) Results. The graph shows the average time (‫ע‬SEM) spent looking for the reward in the scented odor pot for both experimental groups (sham and lesion) during unrewarded test trials (O cond , conditioned odor; O sim , similar odor; O diss , dissimilar odor). A significant overall difference between the two experimental groups was observed in this experiment. 
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www.learnmem.org significant role in attentional processes in other sensory systems. In most sensory systems, the majority of feedback passes through the thalamus, which has been suggested to act as an "attentional gate" (McAlonan et al. 2000; Spence et al. 2001) . Olfactory information, however, does not pass through the thalamus as it projects to higher cortical regions; because of this, some researchers have suggested that attentional processes cannot be applied to olfactory stimuli as to other stimuli (Smythies 1997) . However, a variety of studies have shown that attention can in fact be demonstrated in olfaction, and therefore may be a possible function of the centrifugal inputs to the olfactory bulb (Spence et al. 2001; Zelano et al. 2005) . It is likely that the behavioral effects observed here in rats with diminished cortical and neuromodulatory feedback to the olfactory bulb reflect a deficit in olfactory attention in a manner similar to that in which other attentional processes in other modalities depend on the "thalamic gate." The behavioral apparatus and shaping is the same as described for Experiment 2 (Fig. 2 ). Rats were trained in a forced choice procedure to discriminate between a rewarded and a nonrewarded odor. During 20 subsequent, 120-sec trials, rats were presented with two scented dishes, one of which was consistently rewarded. Rats were allowed to dig in both dishes to retrieve the buried reward, and the dish in which they dug first was recorded. To test if rats could smell the reward directly, trials 5, 10, 15, and 20 were probe trials during which the reward was dropped on the bedding only after the rats made the correct choice. Rats that failed to dig during more than one of these probe trials were excluded from the data analysis for that odor set. 
